ABSTRACT
INTRODUCTION
Conventional copper-and-iron based transformers have been challenged by solid state switching technologies in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] . A conventional transformer lacks energy storage capability, and thus the output load can be easily interrupted due to the disturbance at the input source. Similarly, when the output load current generates disturbances such as load transients, harmonics and reactive power, the conventional transformer also reflects them back to the input side. To overcome these problems, modern power electronics technology can be used to serve as the energy buffer between the source and load to avoid direct impact from either side.
EPRI is pursuing the development of an innovative new silicon-based device, the Super-Gate Turn-Off Thyristor (S-GTO) which promises to substantially increase the current rating and switching efficiency of power electronic controllers. An S-GTO can enable systems to be built using smaller devices with higher power densities and superior reliability. A major utility application of the S-GTO will be an Intelligent Universal Transformer™ (IUT™), whose development is being driven by the rising cost of conventional transformers and the need to reduce the size and weight of their magnetic components.
IUT™ is based on a number of technologies. The IUT™ design is based on natural air convection cooling, eliminating expenses and problems associated with liquid cooling. S-GTO devices improve the power density by allowing higher frequency switching. They also improve efficiency by having lower conduction and switching losses.
S-GTO devices also have better thermal management which helps to make the IUT™ smaller and lighter. The S-GTO does not have wire bonding in its package, making it a significantly more reliable product. The IUT™ is also modular and scalable. By end of 2009, a 15kV class 100kVA 120/240V 1phase Pole-mounted IUT™ will be ready for field evaluation.
An S-GTO based Intelligent Universal Transformer (IUT™) is a promising enabling technology that can facilitate developments of future distribution systems as well as advanced distribution automation capabilities.
Major features are listed below as follows:
• Protection from on load disturbances -Instantaneous voltage regulation under load dynamics and transients -Maintain unity input power factor under reactive load condition -Maintain clean input under harmonic distorted or nonlinear load condition -Protection against unbalanced load condition -Protection against overload and output shortcircuit
• Protection from source disturbances -Voltage sag compensation -Outage compensation -Capacitor switching protection
In addition to the above power quality enhancement functions, with the flexibility of power electronics switching, the proposed IUT™ can also include special outputs such as 48-V DC for telecom applications and 400-Hz for aerospace applications.
IUT™ CONCEPT
The work presented in this paper is a part of a multi-year effort to develop the high-voltage, multilevel converterbased intelligent universal transformer (IUT™) based on an all-solid-state approach. The 2002 EPRI feasibility assessment [10] indicated that all these benefits could be realized only with an all-solid-state (power electronic) design that completely eliminates major inductive components from the overall design. One may argue that the IUT™ will be much more expensive than the conventional one. However, the electronics can be designed with modularity and expandability. As compared to the conventional copperand-iron based transformer, the HV multilevel solid-state transformer will reduce transformer size and eliminate oil, aid in implementing "standardized transformer designs", enhance the power quality, and increase the functionality. When considering the enhanced functionality and flexibility, the added cost can be easily justified. In fact, the cost of power semiconductors and associated controls has exponentially decreased over the past decades. Especially with advanced wide band-gap materials such as SiC on the horizon for high-voltage devices, it is likely that the IUT™ will soon revolutionize the distribution transformer industry.
OVERVIEW OF THE STATE-OF-THE-ART SOLID-STATE TRANSFORMERS
To convert between two different voltage levels, it is necessary to have transformer isolation to fully utilize the silicon switches. Fig. 1 shows the use of a front-end boost converter for harmonic elimination, a full-bridge inverter for dc to high frequency ac conversion, a high frequency ac transformer for voltage level conversion, a diode bridge rectifier to convert high frequency ac to dc, and a fullbridge inverter to obtain low-frequency ac. Experimental waveforms are shown on top of each stage.
Consider Fig. 1 as a building block. The input of the building block is low-frequency high-voltage ac, and the output is a low-voltage ac with the same frequency. The power conversion is equivalent to a step-down transformer except that the power flow is uni-directional. This building block has been adopted in references [3] [4] [5] as a solid-state transformer module, and the entire system is to connect the input of several modules in series and the output of these modules in parallel. The circuit block diagram is shown in Fig. 2 where the top portion shows three modules using the above-described circuit diagram, and the bottom portion shows how they are connected at the input and output. The main purpose of this configuration is to allow a highvoltage input that can be tied to distribution voltage level, and to have a low-voltage output that can be used for commercial and residential service. The major difficulty of implementing the circuit shown in Fig. 2 is to maintain the input voltage balance among different modules. With device mismatching and without any active control, the input voltages among different modules are unlikely to be maintained at the same level. One may argue that adding a set of voltage balancing zener diodes or clamping circuits will serve the purpose. However, the passive voltage balancing element or clamping circuit consumes a large amount of power and is not practical in high power applications.
Since the circuit topology of the basic building block is well known and is less of a concern, the main focus of the entire circuit design should be how to balance the input voltages among different modules. Unfortunately, this crucial problem has not been discussed in the literature. For distribution voltage level, the number of series connected modules is typically more than 10. The grounding and insulation between each module require special attention. The common-mode voltage for each module can also create nuisance tripping or faulty operation. Another problem with Prague, 8- 
EPRI IUT TM OVERVIEW
In order to overcome voltage sharing problem for series connected devices or converter stacks, several advanced multilevel converter circuit topologies have been discussed in [10, 11] . By incorporating advanced multilevel converters with the use of HV-Si devices (HV-IGBT were used for the bench model & HV-S-GTO is used for the field prototype) and SiC devices in the near future, it is possible to develop power converters for distribution system applications.
The proposed IUT circuit consists of a set of back-to-back interconnected multilevel converters to serve as both activefront-end (AFE) ac/dc and dc/dc converters, a high frequency transformer, and a dc/ac inverter. The input can be tied to high-voltage distribution system, and the output can be tied to low-voltage household applications.
For the field prototype, EPRI proposes the concept which combines a novel current mode resonant conversion circuit (rather than hard switching) with SGTO devices (rather than IGBTs or power MOSFETs) and SiC based Schottky diodes. Together, these provide low-loss, highly-reliable, low-stress circuits, resulting in smaller and lighter equipment.
The basic IUT™ circuit is shown in Figure 3 . The proposed design employs a circuit concept where multiple cascaded modulated H-bridges convert the 13.8 kV 60Hz AC into 3.5 kV DC at near unity power factor. Each 3.5 kV DC is then inverted into single phase 20 kHz AC by a series resonant converter using SGTO switches and Si-C Diodes. Voltage level transformation is achieved through a high frequency transformer. The resulting high frequency AC output of the transformer is rectified to 400V DC using a diode H-bridge. The 400V DC is then inverted to center tap 120/240V 1 phase 60 Hz AC using a hard switched inverter bridge. The outputs of the diode H-bridges are connected in parallel to achieve the desired power level. Each resonant converter output is a current source to the load so these are also connected in parallel. The high frequency transformer also provides galvanic isolation. This configuration of resonant converter that uses the leakage inductance of the high frequency isolating transformer as the resonant circuit L is inherently suitable for high voltage isolation applications since the required leakage inductance makes it possible to use a substantial isolating layer between input and output windings. The modularity of the design is evidenced by the use of the 25kVA building blocks.
The IUT™ design also employs external natural air-cooling, eliminating the expenses and problems associated with liquid cooling. SGTO can further improve power density and cost by allowing the switching frequency to run up to 50 kHz (compared to IGBT limitation of 20 kHz max). SGTOs also have lower conduction losses (50% of that of IGBTs) and lower switching losses (50% of that of IGBTs). In addition to lower losses, SGTO devices have better thermal management (lower thermal resistance) compared to IGBT or other power switching devices, ultimately making the equipment smaller, lighter and less cost. Since IGBTs do not have wire bonding in their package, SGTO modules have 100 times better reliability than IGBT modules. SPCO's concept further optimizes the design by using Si-C anti-parallel diodes with almost no switching losses. The design concept is modular and scalable, providing quality, reliability and economy of scale. Prague, 8-11 June 2009 Paper 1032 CIRED2009 Session 1
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EPRI IUT™ Design
The packaging of the IUT™ is modular for ease of manufacturing and service. Figure 4 shows the proposed pole-mounted enclosure. The component layout inside the enclosure is optimized for electrical and thermal performance, and for ease of manufacturing and access. Access doors are provided on one side. The control system will be designed for continuous diagnosis of the IUT™. A local operator interface will be provided. High-voltage bushings are mounted on the top for ease of connection and the output termination is provided on the side. 
EPRI IUT™ Design Features
The IUT TM follows a modular design (see Figures 5-7 ) incorporates the following features for performance, ease of operation, installation, troubleshooting, and life cycle cost.
• Use of low loss and reliable SGTO devices as shown in figure The power electronics components are arranged in four separate stacks, each rated at 25kVA. Each stack (see Figure 6 ) consists of an active front end (a level of the cascade converter) and a resonant converter. Each stack has a high frequency transformer. One stack includes the output inverter. The control boards and bus bar then overlay the power electronics. Each 25kVA stack contains all necessary electronic components such as capacitors, inductors and resistors that are required for operation of the system. 
SUMMARY
The rapidly rising costs of the conventional transformers, the need for reducing the size and weight of the magnetic components, the need for distribution automation and monitoring to improve reliability, the requirements for new services, and the need to meet customers' power quality and reliability requirements have driven possible alternative solutions to the conventional transformer. This paper has proposed the concept of a solid-state transformer which has the potential and feasibility to provide a solution to above mentioned needs of the utility power delivery system.
The development of the IUT™ will provide an opportunity to offer DC service, high-frequency AC service, and the ability to convert single-phase service to three-phase for supplying customer loads in areas not served by three-phase circuitry. The ability to provide a wide range of services and improved operational benefits has put solid-state transformer technology -an Intelligent Universal Transformer (IUT™) -in the forefront of this endeavor.
The IUT™ represents a promising new technology that can impact a wide range of applications. These applications are summarized in Figure 16 . Paper 1032
